Polymer dispersed liquid crystal (PDLC) light shutters are scattering in the OFF state and transparent in the ON state for normally incident light. PDLC shutters appear hazy in the ON state when viewed at oblique angles as a result of light scattering. The haze is caused by the effective increase in the refractive index of the liquid crystal. However, only one polarization of the incident radiation is scattered. Therefore, PDLC shutters with a linearly polarized sheet on the incident surface are haze-free for an entire viewing plane. While addition of a polarizer reduces transmission through the PDLC to less than 500/o, it also offers a simple means of producing haze-free PDLC shutters for applications where viewing is predominantly in one plane.
Polymer dispersed liquid crystals (PDLC) are electrooptic materials that consist of droplets of low molecular weight liquid crystal dispersed in a polymer binder.' PDLCs operate on the principle of electrically controlled light scattering. In the absence of an electric field (OFF state), the liquid crystal droplets are randomly aligned and the films scatter light. The light scattering results from the mismatch of the refractive indices of the droplets and polymer binder. Application of an electric field across a PDLC film (ON state), serves to align the director of the droplets parallel to the field. If the ordinary refractive index (n,), of the liquid crystal is matched with the refractive index of the polymer binder (n,), the films are transparent in the ON state for normally incident light (Fig. 1) .
was chosen to produce a PDLC matrix with a refractive index precisely matched to the ordinary refractive iridex of E7 (1.52) and is listed in Table I . These materials were thoroughly mixed and 18 pm spacers added to control thickness. The resulting solution was sandwiched between transparent, conducting glass substrates and cured in a 100 "C oven for 1 h. A linear sheet polarizer was adhered to the incident surface of the PDLC shutter. Blanks, for optical baseline measurements, were constructed by eliminating the liquid crystal from the PDLC formulation, producing an optically clear isotropic film. A sheet polarizer was added to the blank for light measurements of the polarized PDLC.
The light scattered by a PDLC film in the ON state is dependent on the angle and polarization of the incident light.* The light is polarized either parallel or perpendicular to the plane of incidence, V and H polarization, respectively. H polarization is also perpendicular to the axis of the directors in the aligned droplet and parallel to the axis of rotation (Figs. 1 and 2 ). The effective refractive index of the aligned droplet for V polarized light varies from n, to n, as the angle of incidence varies from normal to tangential, while the effective refractive index for H polarized light is n, for all incident angles. Therefore, V polarized light is scattered at oblique angles whereas H polarized light is transmitted.
The intensity of a collimated beam from a white light source transmitted through the PDLC shutter was measured as a function of the incident angle using a photodiode. The collection angle of the photodiode was < 2". The PDLC shutter was immersed in a glycerol solution to minimize front and back surface reflections (Fig. 2) .
Previously McLaughlin, Drzaic, and Marsland reported incorporation of a z-axis polarizer with a PDLCtype shutter to reduce off-axis haze.3 Elimination of haze from a light scattering film has also been demonstrated in a PDLC by utilizing a side chain, liquid crystal polymer as the PDLC matrix,4'5 and in polymer gel systems.6 We report a haze-free PDLC incorporating a linear polarizer on the incident side of the shutter with the axis of absorption aligned parallel to the shutter surface.
The fraction of light scattered by a PDLC film increases as the angle of incidence varies from normal to tangetial. The transmitted intensity will be reduced not only by scattering but also by front and back surface reflections and absorption, particularly of the polarizer. We have corrected for these by dividing the transmitted intensity through the PDLC shutter (IPDLC), by the transmitted intensity through a blank (IB). We report the shutter transmission ( T), which is determined by the following equation: Calculated in this way the shutter transmission reflects the light scattered by the display, however, it obscures the reduced transmission produced by incorporation of the polarizing film. Incorporation of the polarizer results in an increase in overall absorption and reduced transmission by over 50%. Figure 3 shows the PDLC shutter transmission (T> as a function of the calculated internal angle of the incident light. The transmission was measured as a function of the internal angle for a shutter without a polarizer and for a shutter with a linear polarizer oriented for both H and V polarization. The transmission decreases and the scattering increases most rapidly for the PDLC having a linear polarizer oriented for V polarization. The fraction of light scattered by the PDLC shutter without a polarizer also increases rapidly as the incident angle varies from normal to tangential. The increase in scattering with incident angle is greatly reduced for the PDLC shutter with the polarizer oriented for H polarization. These results are consistent with earlier studies of the polarization dependence of light scattering from PDLC materials." Visual observation of the PDLC shutter with a linear polarizer indicates that light scattering and haze are essentially eliminated when viewed in the plane of the polarizer absorption axis.
The effect of the polarizer is reduced or eliminated if a birefringent layer is interposed between the polarizer and the PDLC film. For example, the polarizers have little effect when the PDLC shutter is constructed using conduct- ing mylar substrates. The birefringent mylar film depolarizes the light before it reaches the PDLC film. The appearance of haze for off-axis viewing of PDLC shutters has limited their potential application. We have shown that a linear polarizer adhered on the surface of a PDLC shutter can be used to substantially reduce the light scattered, and therefore haze for an entire plane of view. The added polarizer reduces overall transmission but is a simple, inexpensive means of eliminating haze in PDLC shutters, thereby improving their performance for a variety of applications, including automotive and architectural windows, and displays.
